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Abstract
Herein, gas phase synthesis and characterization of multifunctional core@shell, Au@TiOx 
nanoparticles have been reported. The nanoparticles were produced via a one-step process using a 
multiple-ion cluster source under a controlled environment that guaranteed the purity of the 
nanoparticles. The growth of the Au cores (6 nm diameter) is stopped when they pass through the 
Ti plasma where they are covered by an ultra-thin (1 nm thick) and homogeneous titanium shell 
that is oxidized in-flight before the soft-landing of the nanoparticles. The Au cores were found to 
be highly crystalline with icosahedral (44%) and decahedral (66%) structures, whereas the shell, 
mainly composed of TiO2 (79%), was not ordered. The highly electrical insulating behaviour of 
the titanium oxide shell was confirmed by the charging effect produced during X-ray 
photoemission spectroscopy.
Introduction
The research area of core@shell nanoparticles (NPs) has received significant interest in the 
last decade.1 The different elemental composition and interactions of the core and shell 
allow the tailored fabrication of NPs with chemical and physical responses that can be 
controlled through external stimuli.2 This implied that properties, such as electrical charge, 
functionality, reactivity of the surface, and stability of the NPs, which could not be tuned in 
the past, can now be tuned.3 These properties have invoked the importance of core@shell 
NPs in various fields such as biomedicine,4,5 energy,6–8 electronics,9,10 optics,11 and 
catalysis,12–15 and these core@shell NPs offer better responses in comparison to single 
element NPs.
Moreover, adding a shell to a NP modifies the core-distance interaction of the interparticles, 
which directly depends on the thickness of the shell. Furthermore, the shell can protect the 
core from chemical reactions with the environment and impurities inherently generated 
during the fabrication processes.16,17 All these properties make core–shell NPs very 
attractive not only for fundamental studies at nanoscale but also for various applications as 
abovementioned. One of the applications is catalysis that has attracted significant attention. 
For example, Au@TiOx NPs have been proven to be catalytically active for CO oxidation 
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process18,19 and photoactive at nanoscale: Au becomes a light absorber because of the 
surface plasmon resonance (SPR), whereas titania becomes photocatalytic.20–22 These 
interesting properties originate due to the interaction between Au (conductor) and TiO2 (big 
band gap semiconductor) as well as due to SPR-mediated electron transfer from the Au core 
to the TiO2 shell when the NPs are illuminated by visible light.23,24 In both cases, NPs 
response can be tuned by modifying the radius of the core and the thickness of the shell.25
The purity of core@shell NPs is crucial for most of the applications.17 Nowadays, chemical 
precipitation and hydrolysis16–18,20,26 are widely used fabrication techniques due to their 
lower cost and mass production capacities. However, these techniques are intrinsically 
limited when high compositional purity of NPs,27–32 narrow size distribution,33–35 and 
absence of agglomerates are required.36–38 To the best of our knowledge, Au@TiO2 
nanoparticles were previously synthesized via chemical methods;16,20 but with the 
abovementioned intrinsic limitations.
Alternatively, gas phase synthesis of nanoparticles can be used to produce a wide variety of 
nanoparticles under controlled environment, thereby warranting the purity of the fabricated 
nanoparticles. The gas phase synthesis has been used over 3 decades for the growth of 
different NPs.39–55 More detailed information about gas phase synthesis of nanoparticles 
and cluster sources can be found elsewhere.56–61
Briefly, the gas phase synthesis of NPs is performed by the evaporation of a given material 
(by thermal evaporation, sublimation, sputtering, laser ablation, etc.) under vacuum 
conditions (which prevent contamination) and the subsequent aggregation of atoms/ions to 
form clusters (<100 atoms) or nanoparticles (>100 atoms). Note that the definition of cluster 
is not unique. Another definition assumes that clusters are those entities that have a diameter 
below 1 nm, whereas for diameters between 1 nm and 100 nm, the terminology of 
nanoparticle was preferred. Due to the advantages of providing a good control over the mean 
size and size distribution as well as high purity of the generated NPs, the gas phase synthesis 
has become a very attractive synthesis method for fundamental nanoscience studies and 
nanotechnology. Since the seminal work of H. Haberland and co-workers,62,63 ion cluster 
sources (ICS) based on magnetron sputtering have gained popularity. The ability to control 
the deposition rate of NPs and hence the coverage of NPs allows the deposition of NPs that 
are not agglomerated. NPs grown using ICS have been the subject of fundamental64–71 and 
applied studies.72–74 Furthermore, combination of ICS with additional evaporators allows 
the formation of core@shell nanoparticles such as Fe@Cr, Ag@MgO, and Pt@TiO2 that 
have been used for fundamental75–77 and applied studies in energy and catalysis.78,79
The recent advent of a new generation of cluster sources were the single magnetron is 
replaced by more than one magnetron, and hence by more than one target material, has 
opened a route for the fabrication of more sophisticated nanoparticles80–88 and even of 
novel bimetallic core@shell nanoparticles.89
In the present study, catalysis was not considered. Herein, the use of two independent 
magnetrons into an aggregation source that allowed the formation of well-defined Au@TiOx 
nanoparticles with high control over chemical composition, mean diameter, and size 
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distribution has been reported for the first time. The morphology, atomic and electronic 
structures of the synthesized Au@TiOx nanoparticles have also been reported.
Experimental
The nanoparticles (NPs) were grown using the multiple ion cluster source (MICS), which is 
an adaptation of the standard ion cluster source (ICS). In MICS, the single magnetron is 
replaced by 3 independent magnetrons.80 This modification has been shown to be very 
effective for the fabrication of nanoparticles with tuneable chemical composition and 
complex structures such as core@shell or even core@shell@shell; moreover, this strategy 
provides control over the size and size distribution of the NPs. Fig. 1 displays a schematic of 
the MICS (top of Fig. 1), where 2 of the 3 magnetrons are presented (M1 and M2) inside the 
aggregation zone (AZ). The magnetrons have individual translation systems that allow the 
individual positioning of the magnetrons heads and hence of the corresponding plasmas. As 
shown in Fig. 1, M1 is placed behind M2. The MICS is an Ultra High Vacuum (UHV) 
system (base pressure 5 × 10
−10 mbar) that is differentially pumped by a turbomolecular 
pump attached to a flange (cf. DP in Fig. 1(a)) and also through an exit slit where the NPs 
are extracted (cf. exit in Fig. 1(a)) before they are collected on appropriate substrates located 
in an UHV deposition chamber placed after the exit slit. Fig. 1(b) illustrates the formation of 
NPs from the material placed in magnetron 1. In the present study, magnetron 1 was loaded 
with a pure gold target (99.99% purity). The ions extracted by sputtering agglomerate and 
form the Au NPs that exit the aggregation zone. The same process has been illustrated for 
magnetron 2 (cf. Fig. 1(c)) that was loaded with a pure Ti target (99.99% purity). In both 
cases, the path of the ions exiting the aggregation zone was long enough for the formation of 
the nanoparticles. The working parameters, deposition rates, and coverages have been 
tabulated in Table 1 of the ESI.† Taking advantage of the individual positioning of the 
magnetrons, it was possible to form a Au nanoparticle first that was further coated by Ti, as 
depicted in Fig. 1(d). In this case, the growth of the Au NPs was stopped when Au NPs 
travelled through the Ti ion plasma, which induced the formation of a Ti shell. Following the 
procedure of S. D’Addato et al.,90,91 Ti NPs were oxidized in-flight before their landing on 
the substrates by the controlled injection of pure oxygen (through a leak valve) into the 
deposition chamber attached to the MICS (oxygen base pressure of 5 × 10
−5 mbar). Due to 
high oxygen affinity of titanium atoms, they reacted in flight with oxygen, forming a 
titanium oxide shell before the landing of the nanoparticles. Note that oxygen was not 
directly injected into the MICS such that to avoid poisoning of the Ti sputtering through the 
formation of an insulating Ti oxide layer on the target itself. In the present study no mass 
filtering was applied due to the inherent narrow size distribution; neutral, cationic and 
anionic species were allowed to be deposited on different substrates.
The NPs were deposited on flat Si(100) polished wafers (roughness below 1 nm) and 
amorphous carbon-coated TEM grids, placed at the exit of the MICS for the characterization 
of NPs via atomic force microscopy (AFM), transmission electron microscopy (TEM) and 
X-ray photoemission spectroscopy (XPS). To avoid charging effects during NPs deposition 
and XPS measurements, p-doped (boron) Si(100) wafers were used (1.0–10.0 ohm cm).
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AFM measurements were carried out using Cervantes AFM System from Nanotec 
Electronica S.L. The samples were measured in the dynamic mode using tips from Next-Tip 
S.L.92,93 and the images were obtained using the WSxM software.94 TEM measurements 
were performed using an FEI-TITAN X-FEG transmission electron microscope in the 
STEM mode, operated at 300 kV and 120 kV. The images were acquired using a high angle 
annular dark field (HAADF) detector. The microscope was equipped with a monochromator, 
Gatan Energy Filter Tridiem 866 ERS, a spherical aberration corrector (CEOS) for the 
electron probe, allowing an effective 0.08 nm spatial resolution, and an energy dispersive X-
ray detector for EDS analysis.
XPS was used to characterize the chemical composition and electronic states of the NPs 
deposited on Si wafer substrates. XPS spectra were acquired in a separate UHV chamber, 
with the base pressure of 10
−10 mbar, equipped with a hemispherical electron energy 
analyzer (SPECS Phoibos 150 spectrometer) and a delay-line detector using a 
monochromatic AlKα (1486.74 eV) X-ray source.95,96 Spectra were obtained at normal 
emission take-off angle using an energy step of 0.025 eV and a pass-energy of 20 eV, which 
provided an overall instrumental peak broadening of 0.5 eV. The absolute binding energies 
of the photoelectron spectra were determined by referencing to the Si 2p3/2 transition at 99.0 
eV. Data processing was performed using the CasaXPS software (Casa software Ltd, 
Cheshire, UK).
Results and discussion
Morphology and structure of the nanoparticles
All the deposits were characterized by AFM in terms of the NP size (measured height), size 
distribution, and deposition rates. Representative AFM images of Au, TiOx, and Au@TiOx 
NPs are presented in Fig. 2(a), (b), and (c), respectively.
The flat Si wafer substrates were suitable for the precise determination of the NPs height. 
The statistical study of each deposit resulted in a mean size and a standard deviation of 5.5 
± 0.8 nm, 6.5 ± 0.8 nm, and 6.5 ± 0.8 nm for Au, TiOx, and Au@TiOx NPs, respectively. For 
each deposit, the height of around 100 NPs was individually obtained. Although AFM is 
very precise for the determination of the height of the NPs, intrinsic convolution of the tip 
shape with the NPs does not allow the correct determination of the diameter of the NPs. On 
the other hand, the TEM approach is a very precise tool for the determination of the 
diameters, internal structural order, and chemical composition of the NPs. All the deposits 
were characterized via TEM. Fig. 3 displays the representative spherical aberration (Cs-
corrected) STEM-HAADF images of the Au NPs. Both icosahedral (Ih) and decahedral (Dh) 
crystalline orders were identified in Au NPs. To acquire the images with minimum 
interaction between the electron beam and the NPs (cf. Fig. S1 of the ESI†), the 
experimental conditions were set as follows: beam convergence semi-angle was 17.5 mrad 
and the inner angle of the detector was 90 mrad and the outer angle was 200 mrad. The pixel 
time was typically 8 μs per pixel with the current of 15 pA. Although rotation of the 
nanoparticles was observed under electron beam, no significant structural changes were 
observed under these conditions. To provide a clear image of the homogeneity of the 
material produced, images at different magnification were obtained (cf. Fig. S2 of the ESI†).
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Fig. 3(a) shows the Cs-corrected STEM-HAADF image of an Ih Au nanoparticle sitting on 
the two-fold axis and its corresponding fast Fourier transform (FFT) pattern (inset); Fig. 3(b) 
corresponds to a representative Dh Au NP along its five-fold axis, where the 5 tetrahedra 
linked through twinned planes can be clearly identified, and FFT has also been shown 
(inset). The statistical study performed on 85 NPs revealed that both structures were present 
in similar amounts and showed similar diameters of 4.55 ± 0.46 nm (44%) and 5.28 ± 0.69 
nm (66%) for Ih and Dh structures, respectively. These diameters correspond to the mean 
height determined by AFM within the experimental uncertainty, which confirms the soft-
landing of the NPs.97
While pure Au NPs displayed high crystalline order, pure TiOx NPs were found to be mainly 
amorphous. Only a few fractions of TiOx nanoparticles displayed some crystalline order. 
Fig. 4(a) shows a representative Cs-corrected STEM image of the TiOx NP. The statistical 
mean diameter of the NPs was 6.52 ± 0.42 nm (statistics performed on 132 NPs). With the 
intention to corroborate the chemical nature of the TiOx NPs, electron energy loss 
spectroscopy (EELS) analyses were performed. Fig. 4(b) and (c) display the spectral images 
(51 × 43 pixels, 0.15 s per pixel) extracted from Ti-L2,3 and O-K edges, clearly showing that 
both Ti and O were distributed in the entire nanoparticle, thereby confirming that the Ti NPs 
were fully oxidized (cf. EELS spectrum in Fig. S3 of the ESI†).
Moreover, the STEM characterization of the Au@TiOx nanoparticles was also conducted. 
The electron microscopy observations revealed that all NPs had Au@TiOx structure and 
neither pure Au nor TiOx nanoparticles were deposited. As can be seen in Fig. 5, by the 
observation of different contrast in the image, TiOx shell can be clearly identified (for lower 
magnification images, cf. Fig. S4 in the ESI†). Moreover, chemical analyses (both EDS and 
EELS) were performed to confirm this assumption (cf. EDS and EELS spectra in Fig. S5 
and S6, respectively, of the ESI†). For the Au@TiOx nanoparticles, the statistics obtained 
over 132 particles resulted in 44% Ih Au core of 6.43 ± 0.39 nm diameter and 66% Dh Au 
core of 6.90 ± 0.61 nm diameter; moreover, a TiOx shell thickness of about 1 nm was 
observed in all the cases. Fig. 5(a) displays a Au icosahedron orientated along the five-fold 
symmetry axis, with a thin overlayer (about 1 mm thick) of a disordered material. The 
chemical EDS analysis was carried out along the white arrow plotted in Fig. 5(a); the results 
are displayed in Fig. 5(b) where the chemical composition of the NPs can be observed. It 
clearly appeared that a Ti shell (blue line) coated the Au core of 5–6 nm diameter (orange 
line).
Based on the direct observation of Fig. 5(a), it was concluded that Au formed the core of the 
nanoparticles due to the heavy nature of Au as compared to that of Ti and O;98 moreover, 
the spectral image analysis carried out on a representative nanoparticle confirmed the 
Au@TiOx structure, as represented in Fig. 5(c). The Cs-corrected STEM-HAAF chemical 
mapping was performed by obtaining the Ti-L2,3 signal (blue color) and the Au-M5,4 signal 
(orange color).
Electronic structure of the nanoparticles
Fig. 6 shows the Ti 2p core level spectra for TiOx and Au@TiOx NPs. The spectra have been 
fitted with the minimum number of components, compatible with the expected chemistry. 
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For peak fitting, a Gaussian and Lorentzian product was used. The Lorentzian contribution 
was 30% and 60% for TiOx and Au@TiOx NPs, respectively. The fitting was performed on 
both the Ti 2p1/2 and Ti 2p3/2 spin–orbit peaks to warrant the coherence of the procedure and 
assume a Shirley background model. The Ti 2p core level spectra displayed a complex 
structure with shakeup features at higher binding energy side in both transitions. For 
simplicity, only the Ti 2p3/2 emission has been discussed. In both cases (TiOx and Au@TiOx 
NPs), peaks located at 458.8 eV and 457.4 eV reveal the presence of Ti4+ and Ti3+, 
respectively, although the latter component is much more intense in the case of Au@TiOx 
NPs. In both cases, the main component corresponds to Ti4+. The percentages of Ti2O3 are 
21 (±12)% and 8 (±6)% for Au@TiOx and TiOx NPs, respectively, whereas for TiO2, they 
are 79 (±12)% and 92 (±6)%, respectively. The higher contributions of Ti3+ for the case of 
Au@TiOx NPs could indicate a stronger catalytic reactivity.99
The corresponding Au 4f core level photoemission spectra were obtained and are presented 
in Fig. 7; a reference Au 4f spectrum corresponding to Au NPs of the same size but grown 
without the injection of oxygen in the deposition chamber is also presented for comparison. 
Again, the spectra of both spin–orbit components are shown but only the results of Au 4f7/2 
have been discussed for simplicity. While in Au, Au 4f7/2 bulk and surface components were 
referenced at 84.0 and 83.5 eV, respectively, previous works have reported that these binding 
energy values in the case of nanoparticles can be different depending on the synthesis 
method, density of NPs or interactions with the environment (substrate, exposure to air, etc.).
100–103 In fact, in a recent review published by Villa et al., it was reported that Au0 binding 
energies in Au NPs were in the range from 84.5 to 82.9 eV,104 confirming the lack of 
consensus. Herein, we focussed on the possible differences in the binding energy values of 
Au 4f levels in pure Au NPs with NPs grown in the presence of oxygen and Au@TiOx NPs. 
Fig. 7 clearly shows that the spectra for Au NPs grown with and without injecting oxygen 
are very similar. This demonstrated that the injection of oxygen in the deposition chamber 
for the in-flight oxidation of the titanium shell did not substantially affect the growth of the 
Au NPs cores. The main peak appeared at the binding energy of 83.5 eV. A second peak 
located at 84.4 eV could correspond to the presence of Au1+.105 In the case of Au@TiOx 
NPs, the fitting procedure resulted in the identification of two peaks like in the case of Au 
NPs, but shifted to higher binding energy by about 0.3 eV. This shift in the binding energy 
indicated that the Au cores were positively charged, which was consistent with the electron 
photoemission current that escaped from the Au cores and could not be fully compensated 
(the samples were ground in the XPS setup) due to the strong insulating behaviour of the 
TiOx shell.
Conclusions
Au, TiOx, and Au@TiOx nanoparticles were synthesized in the gas phase via the multi-
magnetron approach. The synthesis was performed in one-step, and the titanium shell was 
oxidized in flight before the soft-landing of the nanoparticles. The morphological, atomic 
and electronic structure characterizations of the nanoparticles were performed. In particular, 
it was shown that Au@TiOx nanoparticles were made of a 6 nm diameter highly crystalline 
Au core homogeneously covered by a 1 nm thick amorphous TiOx shell. It was found that 
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the titanium oxide shell was mainly composed of TiO2 (Ti4+) that strongly insulated the Au 
metallic core.
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Schematic and principles of operation of MICS. (a) Two of the three magnetrons are 
presented as M1 and M2. These magnetrons are placed in the aggregation zone (AZ). (b) 
The growth of pure Au or (c) TiOx NPs was achieved using only one magnetron. (d) Growth 
of core@shell, Au@TiOx by combining both magnetrons.
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AFM characterization of the NPs deposits. (a) AFM images of pure Au NPs, (b) pure TiOx 
NPs, and (c) core@shell, Au@TiOx nanoparticles. All the figures are of 1 × 1 μm2 size.
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Atomic resolution Cs-corrected STEM characterization of Au nanoparticles. (a) 
Representative Au NP with an icosahedral structure and its corresponding fast Fourier 
transform (FFT) in the inset. (b) Representative Au NP with a decahedral structure and its 
corresponding FFT (inset).
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STEM characterization of TiOx NPs nanoparticles. (a) Cscorrected STEM-HAADF image 
showing a poor crystalline order. (b) and (c) EELS maps at Ti L2,3 and OK edges, 
respectively.
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STEM characterization of the Au@TiOx NPs nanoparticles. (a) Cscorrected STEM-HAADF 
image of Au@TiOx Ih. (b) EDS intensity profiles extracted along the white arrow plotted in 
(a). (c) Cs-corrected STEM-HAADF image of an Au@TiOx nanoparticle with the chemical 
mapping: Ti-L2,3 signal (blue color) and the Au-M5,4 signal (orange color).
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Electronic structure of TiOx and Au@TiOx NPs.
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Electronic structure of Au and Au@TiOx NPs.
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